The substitution of lysine for glutamic acid in the sixth position of the hemoglobin beta chain is the single molecular aberration in holnozygous hemoglobin C disease (2) and must account for the mild hemolytic anemia, splenomegaly, target cells, microspherocytes, (3, 4, 5) and the rare crystal-containing cells seen in this disorder (3, 6) . Studies of the physical properties of erythrocytes from patients with homozygous hemoglobin C disease by Charache and coworkers have demonstrated decreased solubility of intracellular hemoglobin C (relative to hemoglobin A) (7). They suggest that abnormally tight molecular packing and altered molecular interaction may result from the substitution of lysine for glutamic acid in an exterior region of the beta chain, conferring a local difference in charge and, possibly, steric conformation. By increasing intramolecular attraction and fit, these alterations decrease solubility of hemoglobin C, which in turn leads to increased viscosity and decreased deformability of C-C erythrocytes as compared to normal cells. These factors produce accelerated erythrocyte "senescence" by reticuloendothelial pitting and fragmentation with the production of microspherocytes and crystal cells which are sequestered in the microcirculation and destroyed by reticuloendothelial elements.
(Received for publication 13 March 1969) The substitution of lysine for glutamic acid in the sixth position of the hemoglobin beta chain is the single molecular aberration in holnozygous hemoglobin C disease (2) and must account for the mild hemolytic anemia, splenomegaly, target cells, microspherocytes, (3, 4, 5) and the rare crystal-containing cells seen in this disorder (3, 6) . Studies of the physical properties of erythrocytes from patients with homozygous hemoglobin C disease by Charache and coworkers have demonstrated decreased solubility of intracellular hemoglobin C (relative to hemoglobin A) (7) . They suggest that abnormally tight molecular packing and altered molecular interaction may result from the substitution of lysine for glutamic acid in an exterior region of the beta chain, conferring a local difference in charge and, possibly, steric conformation. By increasing intramolecular attraction and fit, these alterations decrease solubility of hemoglobin C, which in turn leads to increased viscosity and decreased deformability of C-C erythrocytes as compared to normal cells. These factors produce accelerated erythrocyte "senescence" by reticuloendothelial pitting and fragmentation with the production of microspherocytes and crystal cells which are sequestered in the microcirculation and destroyed by reticuloendothelial elements.
Electron microscopic freeze-fracture-replication techniques appear to be capable of demonstrating hemoglobin molecules in situ in the erythrocyte (8) (9) (10) (11) (12) . Particles of 65-70A have been identified in intraerythrocytic rat hemoglobin crystals (11) , in the cytoplasm of rat erythrocytes, and in helical polymers of hemoglobin S in situ in sickled erythrocytes (12) . The present study attempts to gain morphological insight into abnormal interaction of hemoglobin C molecules in C-C erythrocytes by employing an in vitro system of gradual osmotic dehydration for production of crystal cells (7) , and the freeze-etching technique for preparation for electron microscopy (13) .
Results suggest that hemoglobin C molecules exist intracellularly in a par-* A portion of this work has been published in abstract form (1) .
where measured width, d, (perpendicular to the shadowing direction, arrow) and shadow length, l, are determined from the electron micrograph, and shadowing angle 0 is known (45°).
It has been shown that the relationships of shadowing angle, 0, particle diameter, d, and shadow length, l, are given by the formula:
d(l -d/2)
Tan 0 = ---l(l - Since minor deviations of the fracture plane from the true horizontal and variation in heavy metal deposition determining the size of metal caps (shaded areas) could not be well controlled, the precision of these corrections is variable.
SCHEMATA I AND II.
Schema I shows the trigonometric correction of dimensional distortion due to shadowing, in lateral projection, where d' is the observed height of a shadowed sphere, and d the true height. Schema II shows the method used for correction of shadowing error in width, based on an empirical formula (see text). Adapted from Misra and Das Gupta 04).
RESULTS
Optical Microscopy.--C-C erythrocytes, after suspension for 20 rain in the glycerine-normal saline solution at 37°C, showed minor morphologic alterations including spicule formation, and partial loss of target cell morphology (Fig. 3) ; microspherocytes showed no observable change. After 4 hr of dehydra-tion by incubation in 3 % NaC1 solution, the C-C erythrocytes demonstrated shrinkage of cell contents into central masses surrounded by halos of membrane. Some central masses assumed polygonal form and showed we~k birefringence. After 12 hr of incubation, 25 to 50% of the cells contained crystalloid inclusions, occasionally several in a single cell, in the form of hexagonal and tetrag~nal plates and prisms. Elongate crystals often produced marked distortion of the cell membrane by protraction about the extremities of the crystal. Crystalloid Fie. 1. Reflection densitometric curve of an electron micrograph strip of reticulocyte and adjacent erythrocyte replica from Fig. 5 . Curves indicate increased peak frequency in the juxtamembrane regions of the erythrocyte (RBC) and the density irregularity of the aggregate meshwork in the reticulocyte with greater maximum-minlmum distances. Reflection density (RD) with standard deviations, P-value and mean maximum-maximum, maximum-minimum distances are given in Table I. inclusions uniformly showed negative birefringence (Fig. 4) and an angle of extinction (determined by rotating stage) of about 45 °. Birefringence indicates noncubic molecular alignment within the crystals (15) . Sorer absorption (obtained by monochromating the cadmium arc light source with 415 m~ exclusion filter) by the crystalloid inclusions was strong, confirming a high concentration of berne-containing protein in the crystals.
Electron Microscopy.--Freeze-etched replicas of unincubated cells made after glycerinization in a medium, normotonic with respect to NaC1, showed generally rounded cell contours, although a few cells developed spicules (Fig. 3, 0 hr N 7000). Fracture planes passing through the cell interiors revealed relatively uniform coarse granular patterns. At high magnifications, this granular appearance was seen to be composed of aggregates of 2-10 closely applied 70 A particles (Figs. 5 and 6 ). These aggregates were separated by spaces measuring up to 250 A. Average interaggregate spacing was greatest at the center of the cell interior and least adjacent to the cell membrane, where particles appeared more tightly packed, and in some juxtamembrane regions showed linear alignment. Although the majority of unincubated C-C cells showed relatively wide interaggregate spacing, rare cells showed packing of particles both in cell center and periphery. Reficulocytes encountered in these preparations (Fig. 6 ), identifiable by the presence of simple and autophagocytic vacuoles, showed greater interaggregate spacing and lesser aggregation of particles. In these cells, small aggregates 3 to 5 particles across, were distributed more or less uniformly throughout the cell interior, showing very little packing in the juxtamembrane regions.
Replicas of cells freeze-etched after 4 hr of hypertonic incubation showed greater variation in the granular patterns of their cytoplasm (Figs. 8 and 9 ). Adjacent cells, varying in degree of aggregation of cytoplasmic particles, were frequently encountered (Fig. 8) . Microphotoreflectometry ( Fig. 1 ) was used to quantitate size and statistical variation of this spacing within a given cell and in adjacent cells (see below).
Replicas of cells freeze-etched after 12 hr of incubation in hypertonic medium revealed the presence of polygonal inclusions in about 50-75 % of erythrocytes included in the fracture plane. The remaining cells showed tighter packing of cytoplasmic particles with coalescence of particle aggregates and minimal interaggregate spacing. Again, packing of particles was most marked in the juxtamembrane regions where areas of linear alignment were found in the cell interior, well removed from visible membrane structures. Cells manifested a spectrum of variation in particle aggregation and spacing, with juxtamembrane regions consistently showing the tightest packing of particles.
Crystalloid inclusions showed characteristic polygonal contours. The presence and dimension of definable periodicity was dependent upon the direction of the fracture plane and the degree of etching (Figs. 10 and 11 ). Approximately onethird of these inclusions showed a simple linear and laminar periodicity of particles. The period was variable, measuring from 70-100 A (corrected). A few crystals permitted more detailed examination of the crystal structure and measurement of at least two dimensions of the molecular subunits ( Fig. 11) and their mode of arrangement in the crystal lattice (see paragraph below on crystal structure).
Aggregation of Cytoplasmic Partides.--In none of the preparations were the 70 A cytoplasmic particles found completely dissociated from adjacent particles. Reticulocytes presented the least degree of particle aggregation and the greatest spacing. Except in the juxtamembrane areas, where some degree of packing was nearly always seen, the cytoplasmic particles were disposed in chains 1 to 5 particles thick, branching to adjacent chains to form a meshwork of chain-like aggregates of particles interspersed with open spaces. These open spaces, regions relatively devoid of platinum-carbon deposition in the replica, are interpreted to represent, primarily, regions of depression between chains of particles from which water molecules were sublimated during the etching process, (16) The other extreme of particle aggregation and packing was seen in 4 and 12 hr incubated specimens (rarely seen in unincubated ones) in which the chainspace meshwork coalesced into a more tightly packed, homogenous pattern. Juxtamembrane regions of tightly packed particles manifested varying degrees of organization and alignment (Fig. 8) .
Intermediate stages showed coalescence of single and complex chains into larger aggregates with greater aggregation and tighter packing as dehydration progressed (Fig. 9 ).
Crystal Structure.--Crystalloid inclusions observed in C-C cells incubated in hypertonic medium for 12 hr and longer were negatively birefringent. Preparations further dehydrated between slide and cover slip overnight at 37°C developed many large extracellular crystals (measuring up to 100 ~) manifesting the same shape and birefringence as the smaller intracellular crystalloid inclusions (Fig. 4) . Replicas of freeze-etched intracellular crystals revealed molecular subunit structure and manifested two patterns of periodicity. The pattern and period seen was dependent upon the direction of the fracture plane relative to the long axis of the crystal, and corresponded to the three-dimensional aspects of the crystal. Two distinct patterns were seen. The first was a linear-laminar period of 60-100 A (P1) in which a single direction of alignment could be discerned. The second (P2, Fig. 10 ), seen within the same crystals, was a 300-350 A period resembling sheets of juxtaposed layers composed of 70 A particles and appearing to represent fractured ends of laminae seen in pattern P1 (Fig. 11) . At higher resolution subunit particles measuring about 65 A by 100 A could easily be identified. These particles were arrayed in a noncubic monoclinic pattern resembling either a tetragonal or hexagonal arrangement, depending on the region of the crystal viewed (Fig. 11, t 
and h).
Comparison to Normal Erythrocytes.--A-A erythrocytes collected by venopuncture in heparin anticoagulant and subjected to osmotic dehydration, failed to show intracellular crystalloid inclusions during up to 72 hr of incubation at 37°C in a medium identical to that used for C-C cells. Moreover, the majority of the normal cells became crenated and hemolyzed, showing significantly less resistance to the hyperosmotic medium than the C-C cells. It was possible, however, to produce crystals in normal cells by simply allowing a drop of blood to air dry between slide and cover slip on the lab bench overnight; the degree of crystallization could be augmented by adding a drop of 1% sodium bisulfite, thus increasing the proportion of methemoglobin; see Bessis, et al (17) .
Replicas of normal erythrocytes, freeze-etched after washing and immersion in a mixture of 25 % glycerine in phosphate-buffered (pH 7.4) normal saline show a number of significant differences from C-C cells. The aggregation-spacing phenomenon seen in replicas of the majority of freeze-etched C-C cells is much less apparent in the normal cells. The latter present, to a greater extent, the pattern of random dispersion found in the 70 A cytoplasmic particles. Although the particles appear less closely packed, regions of open-space measuring up to 150 A can be defined, distributed randomly throughout the cell in- terior, but excluding the juxtamembrane region. In this region, tight packing and a degree of alignment of particles similar to that seen in the C-C cells is commonly found. A few normal cells did present a picture of tight packing, both in the juxtamembrane region and throughout the cell interior, resembling the C-C cell preparation after 4 hr of hypertonic dehydration. This small proportion of normal cells did manifest aggregation of cytoplasmic particles, but to a lesser degree than their C-C counterparts. At no time, did replicas of freezeetched normal cells show particulate alignment of a paracrystalline or crystalline type.
Reflection Densitometric Studies of Electron Micrograpks.--Reflection densi-
tometry was used in this study to assess density variation patterns per unit distance of a given electron micrograph. This distance measurement initially made in millimeters on the micrograph is easily converted to Angstroms of the replica. Fig. 1 is a representative study and points up several quantitative aspects of the analysis which corroborates the qualitative impression of the micrograph strip (Table I ). The reflection density curve for the reticulocyte (same as that shown in Fig. 6 ) shows a more marked variation of maxima and minima, with wider spacing of peaks in comparison to the older RBC on the right, where density variation and mean density are less. The curves, integrals by nature of the scanning technique, reflect the closer packing of particles and reduced interaggregate spacing in the juxtamembrane area. These integrated differences in density distribution of replicas of adjacent cells in the same electron micrograph confirm in quantitative terms visual impressions of interaggregate spacing, aggregate size, and particle packing gained from the micrographs. Table I presents data from such studies. The two scans of the same cell (in Fig. 8 ) in directions perpendicular and parallel to the shadowing direction are included to show the effect of shadowing direction of mean density and minimum-maximum spacing.The first measurements refer to the reticulocyte and RBC shown in Figs. 6 and 7 ; the third to adjacent erythrocytes in Fig. 9 . On internal erythrocyte membrane surfaces, such particles may be seen in continuity with those of the cytoplasm, and they are more uni-form in size, measuring about 70 A. This relationship suggests that some internal surface particles may in fact be hemoglobin which remains adherent to the internal membrane surface when the remainder of the cytoplasm is fractured away. The external surface is more complex, manifesting a greater number and variation of particles which could represent structural proteins and antigenic glycoproteins (21) .
Correlation of Morphologic and Biophysical
Abnormalities in C-C Cells.--Peripheral blood films of individuals homozygous for hemoglobin C are composed predominantly of two cell types, the target cell and the microspherocyte. Reticulocytes, biconcave discs, and a variety of poikilocytes are present in relatively small numbers. Careful inspection of such films yields 2-5 per 1000 ceils containing crystalloid inclusions (3, 6) . In splenectomized C-C patients, the number of "crystal cells" may increase to 3 % in dried films (6) . After ultracentrifugal separation, Charache et al. found that the mean corpuscular hemoglobin concentration and viscosity were greater in the "older", more dense microspherocytes, which crystallized with less osmotic dehydration, than in the lighter, less viscous, "young" target cells (7) . In addition, these authors found that the mean corpuscular hemoglobin concentration was greater in C-C target cells than in normal cells of comparable age. They found that whole blood viscosity was higher, and that C-C cells passed much less readily through 3 tt millipore filters. The latter finding suggests decreased deformability and increased rigidity of erythrocytes containing C-C hemoglobin as compared to those with A-A hemoglobin. Morphologically, the present study presents evidence for pathologic aggregation of hemoglobin C molecules within C-C ceils, even at the reticulocyte stage. Aggregates form a meshwork, interspersed with spaces containing primarily water and electrolytes. This aggregation leads to a decrease in freedom of molecular movement, and thus an internal rigidity of C-C cells. This rigidity accounts for the increased mechanical fragility j of these ceils (decreased ability to deform when compressed by glass beads) and decreased filtrability of such cells through miUipore filters (7) . Such rigid cells have been found to lose membrane by fragmentation in passage through the microcirculation. Simultaneously, the intracellular water content decreases as does the surface:volume ratio of the cell (22) . In the present study, freezeetched replicas of C-C cells in which water loss has been produced by gradual osmotic dehydration show a progressive increase in molecular packing, with concomitant decrease in intermolecular spacing, to the point where the intermolecular distance can no longer be resolved by this technique. Studies of low angle X-ray scattering by human red ceils after incubation in normotonic, hypotonic, and hypertonic solutions suggest a mean (center to center) distance of 65 A for normal ceils, 85 A in osmotically swollen cells, and 51 A in osmotically shrunken cells; i.e., a progressive decrease in intermolecular distance, and increase in mean corpuscular hemoglobin concentration as intracellnlar water decreases (23) . In osmotically dehydrated C-C cells, in the present study, it appears that not only do hemoglobin molecules approximate into a tightly packed system, but when a critical level of packing is achieved, alignment of molecules begins, initially in the juxtamembrane region, and subsequently in nidi within the cell interior. This may represent a precrystaUine alignment and give rise to very small, rigid paracrystals, which by virtue of their surface location, can be "pitted" from these cells within the splenic microcirculation by a mechanism analogous to that described for Heinz bodies (24) . With further loss of intracdlular water, and consequent tighter packing of molecular aggregates, a second critical decrease in intermolecular distance occurs, that which corresponds to solubility saturation point of hemoglobin C, and crystallization takes place. These crystal cells appear to be extremely short-lived in the patient, probably destroyed in a single passage through the microcirculation, since very few circulation "crystal ceils" can be found in dried peripheral blood films of nonsplenectomized C-C patients and, after splenectomy, they may increase to as high as 3 % (6). In a single passage through a 3/~ millipore filter in normotonic buffer, 83 % of C-C cells become entrapped in the filter mesh, whereas only 47 % normal cells fail to cross the filter. This difference is accentuated when cells are rendered more rigid by osmotic dehydration (7).
A Molecular Model for the Pathological Bekavior of Hemoglobin C-C Erythro-
cytes.--Aggregation, precrystalline alignment, and intracellular crystallization of hemoglobin C molecules appear to be the characteristic fine structural abnormalities of hemoglobin C molecules observed in freeze-etched preparations of serially dehydrated C-C erythrocytes. Moreover, this pathological behavior must derive directly from the anomaly of primary structure of hemoglobin C, namely, the substitution of lysine, with its two amino groups and net positive charge, for glutamic acid, a dicarboxyl amino acid with net negative charge (2). The external position of the positively charged polar group in the A-helix of the beta chain, distant from areas of intramolecular alpha-beta interaction, makes this site readily available for formation of a polar bond with a negative external site for an alpha chain of a neighboring hemoglobin C molecule (of. Perutz and Lehmann (25) , once a critical intermolecular distance is overcome. Thus, pathological polymerization accounts for the increase in red cell rigidity encountered in C-C erythrocytes. This progresses from an aggregation meshwork in young cells to crystallization in the aging cell which, by symmetrical loss of membrane lipid (26) decreases its surface to volume ratio, loses intracellular water (22) , and reduces intermolecular distance. A comparable mechanism of hemolysis has been described for the rat paracrystalline erythrocyte (27) , in which hemoglobin exists in a "metastable state of incipient crystallization" (28) . In sickle cells hemoglobin S molecules polymerize into a six-stranded helix (29, 12) rather than a crystal, similarly a function of alteration of primary structure of the beta chain of globin. At position 6 of the hemoglobin S beta chain, valine replaces glutamic acid. It is suggested that this gives rise to 1-6 valo-valoyl hydrophobic bonding in the A-helix region of the beta chain, a tertiary structural alteration which permits linear stacking of hemoglobin molecules into monomolecular filaments (12) . These in turn twist into six-stranded helices (29, 12) . Perntz and Lehmann (25) have suggested that in heterozygous hemoglobin S-A, the presence of hybrid molecules may limit the growth of such polymers by terminating the monomolecular filaments with the beta chain of hemoglobin A which lacks the necessary tertiary alteration to permit further FIG. 2. A hypothetical scheme for pathological polymerization of hemoglobin C-C molecules (after Lehmanu and Perutz for hemoglobin S (25)). The beta-6-1ysine for glutamic acid substitution in hemoglobin C confers a charge alteration in the external A-helix region of the beta chain (shaded portion) increasing intermolecular attraction. Deoxygenation (CC-O2 --~ CC) would produce further steric alteration favoring intermolecular fit. Molecular aggregation and crystallization as observed in C-C erythrocytes would result. Hemoglobin A-A and hybrid C-A molecules would not fit into the aggregation pattern or crystal lattice and thus sterically inhibit the process.
stacking. In a similar fashion, polymerization of hemoglobin C molecules in the heterozygous state could be limited by the presence of such a~l~ci3 A hybrids (see Fig. 2 ). There is, however, little chromatographic evidence for the existence of such molecular hybrids in heterozygous subjects.
The Artefact Qv, estion.--Freeze-fracture-replication techniques have been developed to circumvent artifacts of chemical fixation and dehydration (13) . Aldehyde fixation acts by polymerization of proteins (18) and has been shown to markedly reduce the quantity of helix present in red cell membrane protein as does osmic acid (19) . Yet in avoiding chemical artifacts, freeze-fixation introduces the possibility of physical artifacts related to molecular rearrangement or interaction due to rapid temperature descent. The chief argument against significant or irreversible alteration has been the postthawing viability of control cells or tissue after treatment with a suitable cryoprotective agent (16) such as glycerol or dimethylsulfoxide. The prevention of freeze-thaw hemolysis by such agents is well established and forms the basis for current methods of cryopreservation of erythrocytes (30, 31) . Studies of the effects of rate of freezing and concentration of glycerol on the survival rate of yeast cells indicate optimum viability with 20 % glycerol at very slow (0.01°C/see) rates, or at the rapid rates (-100°C/see) employed in freeze-etching where "vitrification", the amorphous crystallization of water without formation of ice crystals, occurs (16) . It must be asked, however, whether the aggregation or even crystallization of hemoglobin C molecules observed in the present study may be induced by the freezing process. Against this is the finding that similar aggregation and crystallization is not seen in preparations of normal human erythrocytes. Rat erythrocytes show intracel]ular crystallization but do not exhibit molecular aggregation (11) . Sheep cells, freeze-cleaved after treatment with 40 % glycerine, contain areas of periodic alignment of cytoplasmic particles but crystallization has not been described (10) . Normal erythrocytes or those containing abnormal hemoglobins will exhibit intracellular crystallization on slow cooling to 4°C particularly when methemoglobin formation has occurred (17) . The hypertonic crystallization system employed in the present study has been shown to be temperature dependent, with a 37°C optimum, and crystals can readily be identified with the optical microscope before the cells are frozen, whereas at 4°C, no crystallization occurs in the 12 hr incubation period.
The relation of molecular aggregation to freezing is more difficult to define. It has been recently shown that freezing can induce intermolecular disulfide bond formation in thiogel (32); glycerol appears to inhibit this phenomenon (33) . In hemoglobin solutions, however, both hemoglobins A and S show decreases in the number of disulfide bonds on cooling from 38°C to 0°C, (34) whereas hemoglobin C shows a decrease in titratable sulfide groups consistent with the formation of inter-or intramolecular disulfide linkages (35) .
SUMMARY
Erythrocytes from a patient with homozygous hemoglobin C disease were subjected to gradual osmotic dehydration by incubation in hypertonic saline. Serial observations of these cells before and after 4 and 12 hr incubation were carried out by means of interference, Sorct absorption, polarization microscopy, and the electron microscope employing the freeze-etching technique. Light microscopic studies showed a progressive contraction of cdlular contents into central masses which, after 12 hr dehydration, formed birefringent intracellular hemoglobin crystals in 50-75% of the cells. Electron microscopic study of freeze-etched replicas of these cells at 0, 4, and 12 hr of dehydration reveals progressive aggregation, alignment, and crystallization of hemoglobin molecules. Molecular aggregation found in C-C cells prior to osmotic dehydration was not seen in normal erythrocytes. Aggregation and packing varied from cell to cell. Reticulocytes showed a loosely packed aggregate mesh-work; older cells showed variation of molecular packing, which appeared tightest in cells corresponding to microspherocytes. With further loss of intracellular water, aggregates coalesced into patterns of tighter molecular packing with small regions of align-merit, and, finally, crystallization occurred. Hemoglobin molecules measuring 70 A in diameter were readily identified within the period patterns of intracellular crystals. These findings suggest that the hemoglobin C molecules within C-C erythrocytes exist in an aggregated state. As the cell ages, intracellular water is lost and intermolecular distance decreases, hemoglobin C molecules polymerize into intraceUular crystals. This pathological behavior of hemoglobin C is associated with a charge alteration conferred by the substitution of beta-6-lysine for glutamic acid on the external surface in the A-helix region of the betachain of the molecule, possibly increasing intermolecular attraction. Molecular aggregation accounts for the increased rigidity of C-C cells which leads to accelerated membrane and water loss with resultant microspherocyte formation. The microspherocyte, with highest intracellular hemoglobin concentration, rapidly undergoes intracellular crystallization, and is sequestered and destroyed by reticuloendothelial elements. BIBLIOGRAPHY FIO. 3. Interference photomicrographs (X 880) and electron micrographs of freeze-etched replicas (X 6150 and × 158,000) of C-C erythrocytes prior to incubation in 3% saline (0 hr) and after 4 and 12 hr of hypertonic dehydration. Preincubation cells (0 hr) show rounded contours with some spicule formation. Freeze-etched replicas of these cells (X 6150) show coarse granularity in the cell interior which at 158,000 X is seen to be composed of a meshwork of aggregates on 70 A cytoplasmic particles interspersed with open spaces of varying size. After 4 hr of hypertonic dehydration, erythrocyte contents are contracted into central masses leaving peripheral membrane halos. Freeze-etched replicas of these cells show irregular borders and smoother, more homogenous appearance of the cell interior. At 158,000 X, this is composed of tightly packed aggregates of 70 A particles with very little interaggregate spacing. Mter 12 hr of incubation, about 75% of the cells contain crystalline inclusions and membrane halos are visible about several crystals. Freeze-etching of this preparation reveals polygonal inclusions as shown which at 158,000 X can be seen to contain 70 A particles arranged in a noncubic crystal pattern. 
